ABSTRACT A zero-voltage, zero-current 
INTRODUCTION
Generally, voltage-current characteristics of the arc welder depend generally on the type of welding. Typical rated voltage is about 50-80 V and the rated current falls within the range 60A up to 1000 A.
Modern welders are required to have many features like reliability, safety, lightness, robustness, flexibility of operation, high efficiency, wide current control range, good power factor, electrically isolated output, fast response, fault tolerance, good price, adaptation to various operating conditions and so on [1] - [2] .
In the quest for smaller size and lighter weight of the power source it is necessary to operate the inverter at as high switching frequency as possible. This high frequency allows considerably reducing the size and weight of the transformer and it makes the filtering at the dc output of the DC-DC converter easier and cheaper. Moreover, it allows using a physically small inductor to reduce the output current ripple to very low values. However, higher switching frequency results in increased switching losses in power semiconductor devices at turn-on and turn-off.
All these requirements can be easily met by welders consisting of a high frequency transformer fed by highfrequency soft-switching converter.
There are various types of dc-dc converters for arc welders. All of the converters have certain pros and cons. Resonant converters working below or above resonance frequency are often used for construction of electronic welders. Utilizing resonant components, however, introduces additional circulating energy in the converter circuits. This circulating energy increases voltage or current stress of the semiconductor devices and converter passive components often show increased conduction losses [3] - [5] . Moreover, the switching frequency range is often limited so that the converters would not lose the soft switching. Almost the same holds for other types of resonant converters e.g. quasi-resonant converters [6] , [7] , multiresonant converters [8] - [9] , and so on. Moreover, the frequency modulation, mostly used for controlling these converters, is disadvantageous due to EMI suppressing.
The other possibility is to use PWM converters. The circulating energy is minimum compared with the resonant converters resulting in minimum conduction losses. These converters are controlled either by traditional PWM or by phase shifted PWM method at constant switching frequency. The semiconductor devices in conventional PWM power converters suffer from high switching losses. However, by introducing the auxiliary circuits and proper control modes, zero-voltage and/or zero-current switching can be achieved [10] - [12] . Several types of dissipative, non-dissipative and energy recovery more or less complex snubbers, clamps and auxiliary circuits were developed to resolve the problem of reducing the switching losses [10] - [12] and circulating currents [10] - [12] .
Using an active output rectifier in the secondary side of the converter is another very effective way, how to decrease circulating currents in the PWM converters and, at the time, to achieve reduction of switching losses [13] - [19] .
ZVZCS PWM DC-DC high power converter with active rectifier on the secondary side used as a current source is presented in this paper. The paper is linked to article [19] , where the principle of the converter working as a voltage source is explained and basic equations for rated load are derived. The application and control features of the converter operating as a current source are presented here. Moreover, the converter analysis, presented in [19] for rated load, is extended also for light load in this paper. This is important for the converters operating at full load range -from no-load to short circuit, e. g. at converters for arc welding.
CONVERTER OPERATION

Power circuits
Power circuit of the converter is shown in Fig. 1 transformer T R . The secondary center-tapped winding of this transformer is connected through an active rectifier between the welding rod and the material to be welded. The controlled rectifier consists of a series connection of MOSFET transistors T 5 , T 6 and fast recovery diodes D 5 , D 6 . Behaviour of this type converter is the result of a new way of controlling (Fig. 2, Fig. 3 ). Full-bridge inverter T 1 -T 4 is controlled with constant switching frequency and 50% duty cycle. Value of the output current is controlled via pulse-width modulation of the secondary switches T 5 , T 6 .
The commutation of the freewheeling diodes to transistors in high frequency inverter is soft, without large reverse recovery current spikes. So, there are not high requirements on the freewheeling diode dynamic properties. The transistors of the inverter are turned-on under zero-voltage and zero-current, and so the turn-on losses are negligible. Turn-off losses of the primary transistors are negligible as well. They turn off only a small magnetizing current of the power transformer.
To reduce turn-off losses of secondary switches T 5 , T 6 , and accumulation of leakage energy of the power transformer the new turn-off snubber was designed [17] , consisting of snubber capacitors C C5 , C C6 , snubber inductors L S5 , and L S6 and snubber diodes. From the point of view of efficiency the non-dissipative snubbers are the most promising ones. Therefore, in the suggested solution used is this option -see Fig. 1 .
Leakage inductance of the transformer acts as a turn on snubber for secondary switches. Therefore, zero current turn-on is achieved.
Snubber capacitors C C5, and C C6 reduce the rate of rise of the drain-source voltage of secondary transistors T 5 ,and T 6 and thus zero voltage turn off is ensured [18] , [19] .
Beside reducing turn off losses in secondary switches the snubber capacitors C C5 , C C6 ensure also accumulation of the leakage inductance energy of the power transformer and consequently its transfer through snubber inductors L S5 , L S6 and diodes D S5 , D S6 to the load. 
Operation at light load
As was mentioned above, operation principle of this converter at rated load ( Fig. 2 -left side) is described in detail in [19] .
In this paper, the description of the proposed converter is focused on conditions at light load.
Contrary to the rated load, discharging of the snubber capacitor (voltage U Cc5 ) at light load runs in two intervals: t´0 -t´1 and t´3 1 -t´3 2 (right side of the Fig. 2 ), respectively.
Operation of the proposed converter at light load is analyzed in the below section. The basic light load operation of the proposed soft switching converter has four operating modes within each half cycle. Because of the leg symmetry, the transistors T 1 , T 2 and T 3 , T 4 work under the same operating conditions. Operation of the secondary switches is also symmetrical. It is assumed that all components and devices are ideal.
Interval (t´0 -t´1):
Secondary transistor T 5 is turned on at t´0 half period earlier then primary transistors T 1 and T 2 . Capacitor C C5 starts discharging through T 5 , L O , R O , L S5 , and D S5 (Fig.  3a) . ( ) sin ( ) cos
where n = u p /u s = n p /n s is transformer turns' ratio. 
The discharging time is
Magnitude of the discharging current is derived from (1)
Borderline between rated load and light load is determined by the condition (3). Light load of the converter starts when condition (3) is met.
Interval t´3 1 -t´3 2 :
Total discharging of snubber capacitor C C5 occurs in this interval if condition (3) is met.
In t´3 1 before secondary transistor T 6 turning off, commutation occurs and output freewheeling diode D O starts to lead the current. Rectified voltage ud drops to zero, and therefore total discharging of the snubber capacitor C C5 is enabled.
At the same time the leakage inductance energy of the transformer is absorbed by snubber capacitor C C6 . Value of the snubber capacitor voltage at t´3 1 is derived from (4).
Then snubber capacitor C C5 voltage and current time waveforms are as follows ( ) 2 sin
Snubber capacitor discharging lasts a quarter period of resonance between snubber capacitor C C5 and snubber inductance L S5 i.e. until snubber capacitor voltage reaches zero.
Capacitor discharging time can be derived from (9) as follows
The following equation holds for amplitude of the capacitor current
Interval t´3 2 -t´3 3 :
At the beginning of this interval the current of snubber capacitor C C5 commutates to snubber diode D C5 . At the same time current of snubber inductor L S5 decays through diode D C5 .
Since within this interval the rectified voltage is zero, the snubber inductor current is maintained constant. Simultaneously, the leakage inductance energy of the transformer is stored in opposite snubber capacitor C C6 during this interval.
Directions of the currents at the beginning of this interval are shown in Fig. 3c . 
Interval t´3 3 -t´3 4 :
After turn on of inverter transistors T 1 , T 2 the rectified voltage u d is increased to value of U I /n and energy of snubber inductor L S5 is transferred to the load.
At the same time the energy is transferred from primary side through transistors T 1 , T 2 , T 5 and diode D 5 to the load.
Simultaneously snubber capacitor C C6 is discharging in a resonant way to the load through opposite secondary transistor T 6 (Fig. 3d) . 
For time dependency of the snubber inductor current i Ls5 the following expression holds ( ) 2
Decay time t´L s5dch of the snubber inductor current i Ls5 can be determined from
CONTROL CIRCUITS
The converter is controlled by novel pulse-width modulation of secondary transistors. The pulse length is changed from t ON (MIN) to t ON(MAX) , which means ca. from T/2 to T, if disregarded are the dead time and capacitor Fig. 4 Control pulses for the converter Digital signal controller TMS320F28335 was used for controlling the converter. Control circuits have been designed to attain operating conditions similar to those in a conventional electric arc welder. It includes several functions needed to ensure correct welder behaviour under any operating conditions. Two discrete PI regulators R I and R U ensure controlling of output voltage U O and smoothing inductor current I LO and thus also output current of the welder I O . The PI regulators are connected in parallel (Fig. 5) . The control logic selects the regulator with a smaller regulating variable (shorter pulse width). The block diagram of discrete PI regulator with limiter is shown in Fig. 6 .
The equation that expresses the output parameter of regulator in step k is:
By varying the pulse width of the secondary transistors, the conduction time of transistors is accordingly increased or decreased and thus regulated is the output current. The control circuits are completely isolated from power circuits. Arrangement of the basic control board is displayed in Fig. 7 . 
EXPERIMENTAL RESULTS
After verification in simulation program OrCAD, function of the PWM DC-DC converter as a current source used for arc welding application was verified on a laboratory model shown in Fig. 8 . The turn-off snubber described in the previous section was implemented using the components outlined in Table  1 . In the inverter, four ultra-fast IGBTs were used. Special high-frequency planar transformer with a very low value of leakage inductance was designed and made using EI ferrite cores. The transformer parameters are shown in Table 2 . Arrangement of the high-frequency power planar transformer is shown in Fig. 9 .
Foil windings of the power planar transformer are interleaved, and the primary is sandwiched closely between a split secondary winding in order to achieve tight coupling and thus very low leakage inductance. In output rectifier, ultrafast soft recovery diodes were used. Inductance of the smoothing choke for smoothing of the output rectified current is L S = 5 μH only as a result of output rectified voltage frequency of 200 kHz. In practical applications this value of smoothing inductance can be partially achieved by utilizing parasitic inductances of the connecting wires.
The measurements were made at nominal input voltage of U I = 325V. Properties of this laboratory model of the converter working as a current source were verified for output currents of up to 120 Amps.
The voltage and current of primary switch T 1 are shown in Fig. 10 . Transistor T 1 turns on under zero voltage and zero current. Only small magnetizing current is turned off and thus nearly zero current turn off is achieved. Because of the inverter symmetry, the waveforms for all primary switches T 1 -T 4 are identical.
Drain-source voltage and drain current of the secondary MOSFET transistor T 5 , (T 6 ) at turn-on and turn off are shown in Fig. 11 .
Rate of rise of the drain-source voltage u T5 at turn off is limited by snubber capacitor C C5 and thus zero voltage turn off of the secondary transistor is achieved.
At the turn on of transistor T 5 , capacitor C C5 is discharged through transistor and snubber inductance L S5 to the load in a resonant way. Therefore the rate of rise of the discharging current is limited and zero current turn on is reached.
Some waveforms at light load are shown in Fig. 12 . At low load current, snubber capacitor C C5 is discharged in two intervals as it is seen in Fig. 12 . This fact has no influence on the soft switching and output parameters of the converter. At no-load the pulse width is pushed by control circuits to the maximum value and no-load output voltage achieves value of some 70V. When the electrode touches the work piece, the output current is increased rapidly to its predetermined value, while the load voltage drops to zero. During the following welding process the average arc voltage is approximately 24 V at welding current of about 90A. When the distance between electrode and work piece rises, the arc voltage is increased and consequently the output current falls to zero. Afterwards the output voltage returns to the no-load value.
The welder has very high dynamic properties. Response to the current and voltage fluctuations is very fast due to used high frequency of 200 kHz at the rectifier output (voltage u d in Fig. 1 ). The efficiency was measured at conditions nearly similar to those at welding process -at output voltage of 25 volts (Fig. 15) . The efficiency is approximately 90 %. Measurement was also performed for 45 V output only for comparison with other ZVZCS systems. The efficiency is about 94% under such conditions. This is quite a high value for a converter with low output voltage a high output current. 
CONCLUSION
Welding applications call for dc current sources with small weight and size, good efficiency and acceptable price. One of the options is to build the welders using high frequency soft switching DC-DC converter, which has been discussed in this paper.
The converter presented in this paper has very good behaviour for wide range of the output current.
Soft switching is achieved for all power switches of the converter. Especially primary IGBT transistors operate at almost ideal switching conditions -at zero-voltage and zero-current turn-on and zero-current turn-off.
The certain disadvantage of this topology is the fact that additional switches in series with output rectifier add supplemental conduction losses in the controlled rectifier. In spite of this fact, the controlled rectifier has important, hardly changeable function. As a result of the used active rectifier, the circulating currents in primary switches and power transformer are totally suppressed and thus conduction losses in these devices are considerably reduced. Moreover, by using of the active rectifier the turn-off losses of the primary switches are also substantially decreased.
In addition, main parasitics of the power transformer are integrated into the converter topology.
The non-dissipative snubber consists of passive components only. It is very small a so is additional cost.
Experimental tests on the laboratory model demonstrated feasibility of the proposed converter at operating as a current source e.g. for arc welding applications. 
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